ABSTRACT--Damping is the internal transfer of kinetic energy to other forms of energy. Today, most methods use either bending or torsional vibration to measure damping. This means that the strain field in the specimen is nonhomogeneous. If the damping of the tested material is linear, strain-independent, the values acquired with these traditional methods will be equal to the intrinsic material damping of the material. If, however, the damping is strain-dependent, nonlinear, the measured value will be an average of the damping of the specimen, and not equal to its intrinsic material damping. To address this problem, a method is required to experimentally determine the damping in uniaxial tension in order to produce the same strain level in all parts of the test specimen and hence obtain a measurement of the intrinsic material damping. Using such a method, it is possible to view the material damping as the phase angle between the stress and the strain in a harmonic oscillation. In this paper, a method is suggested for measuring this phase shift in uniaxial tension to determine the material damping properties. It uses a tensile test machine, an optical fiber Bragg grating technique and a lock-in amplifier. Measurements with the phase shift technique have been suggested previously, but its performance envelope has been overestimated. In this paper, the performance envelope is discussed and restricted. It is shown that the envelope depends on the specimen length, loss factor and test frequency. An optical strain measurement method is also believed to help avoid many electrical measurement problems seen with the originally proposed method.
Introduction
In this paper we discuss a method to measure the property intrinsic material damping. When damping is discussed it is important to differentiate between the different ways that vibration energy can be transferred to other forms of energy within the material, or to other parts of the surroundings or surrounding structure. One important phenomenon is the way in which energy is transported to the sm'rounding media such as fluids or solids, depending on the geometry of the structure. An example of this is flat thin plates that emit more acoustic energy than thick-walled plates. Another phenomenon is the way the structure is connected to its surroundings such as riveting, bonding, glueing, welding or screwing. The type of J. Aberg (jonasa@matp~:kth.se) and Professor Bji~rn WideU, KTH/Casting of Metals, Brinellv 23, 100 44 Stockholm, Sweden. Original manuscript submitted: February 15, 2002 . Final manuscript received: June 24, 2003 DOI: 10.1177/0014485104039746 energy transfer discussed in this paper is the intrinsic material damping, the transfer from vibration energy to other forms of energy within the material itself. Wren and Kinra I discuss the distinction between material damping and structural damping and use the following distinction. Material damping is the dissipation of energy within a material through the excitation of internal structure features by the application of a homogeneous strain field. Structural damping is a property of both the material and the structure, depending on the internal dissipation of energy produced by the application of a strain field, which is a function of the specimen shape. This is also in agreement with the classical thermodynamics. The damping property is subdivided into intrinsic and extrinsic parts, where the intrinsic or material damping is independent of the shape and volume, while the extrinsic or structural damping is the average of the damping in a design. When the word damping is used in this paper, it refers to the intrinsic material damping unless otherwise stated.
Many techniques to measure the intrinsic material damping have been suggested and used in the literature, such as the decay of vibration amplitude in bending, 2 decay torsion systems, 3 systems of springs and weights, 4 and various methods using signal analysis. 5 Common problems using these methods are either that they do not induce a stress that is evenly distributed in the material, or that they do not measure the damping as a function of frequency or amplitude, and hence, in fact, not the intrinsic material damping but rather the structural damping. To be able to measure the damping as a function of stress amplitude and frequency, it has been suggested to use uniaxial tension in testing as will be related later in this paper. This has been successfully used for high damping materials such as elastomers, and there are several commercial systems available for such tests manufactured and sold by suppliers such as Measurement Test Systems Inc. (MTS; MI, USA; www.mts.com) with their dynamic characterization test suite and Netzsch (www.netsch.com), with their dynamic mechanical analysis (DMA) equipment.
Work by Kinra et al.
In a number of articles, 1'6-8 Kinra and co-workers describe a method to measure damping using the relationship between stress and strain as a function of time. It can be used to determine the damping as the phase difference between the time-harmonic waves representing the load and the corresponding strain. When a periodic excitation is applied, the strain will lag behind the stress. The corresponding lag is a direct measurement of the damping in the specimen. Kinra and co-workers found that it is possible to directly measure Intensity ~ the phase difference in the time domain for large angles. For materials with low damping such as metals, however, where the phase difference is of the order of 10 -4 red, it is virtually impossible to detect this small phase difference in the time domain. They found, however, that in certain cases it is possible to measure the phase angle of the fast Fourier transforms (FFTs) of the stress and strain signals individually. The FFT of each signal was calculated and the phase component corresponding to the excitation frequency was recorded. The phase angles were subtracted to give a corresponding value for the phase difference and, consequently, the material damping.
In their experiments, they used a tensile test machine with conventional strain gages for stress and strain, strain-bridge amplifiers, instrument amplifiers and a digital oscilloscope.
One problem with this technique is that great care has to be taken to avoid any reactive components to induce phase shift between the specimen and the finally calculated FFT. This includes all components such as the digital oscilloscope, the instrument amplifier, the strain bridges and the strain gages themselves. All phase shifting equipment has to be redesigned using better components that do not cause phase shifting. After doing this, Kinra and co-workers report the accuracy in measuring the phase shift between two sinusoidal waveforms to be 9.59 x 10 -5 red.
Fiber Optics
Kinra and co-workers have described their problems in avoiding the pitfalls of the phase shift design of the electronic components in their system. Since this seemed troublesome, we preferred to find a way of measuring the phase shift using a method insensitive to the unavoidable electric disturbances in the system. The decision was to use light, since it is well known to be insensitive to electric influence. As reported in Bennion et el., 9 it is indeed possible to measure strain using light.
The basic idea is to inscribe an optical fiber Bragg grating along the optic fiber. When transmitting light through the fiber, the wavelength corresponding to the fringe pattern is reflected or transmitted, depending on the design of the fringes; the fringe pattern works as a filter. Let us look at Figure 1 . If we choose the wavelength of the source, k, to be close to the characteristic wavelength of the fringe pattern, kl, we obtain a certain reflected or transmitted intensity of light, 11. If we then keep the source wavelength constant k, represented by the straight vertical line, and strain the fiber, the length between the fringes will increase, and hence its characteristic wavelength k2. The corresponding intensity 12, together with the original strain level 11, will together with the characteristics of the curve give the change in strain.
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Suggestion for Refinement
FROM ELECTRIC TO OPTICAL WIRES
By changing from electric strain gages to optical we can avoid the problem of electric disturbances in the system. The idea presented in this paper is to use a system of two fiber optic sensors and to measure the phase lag directly using a lock-in amplifier.
The suggested setup is shown in Figure 2 . The numbers mentioned in the following description refer to the numbers in Figure 2 . The material to be tested is me-], Wavelength Fig. 1-- The principle of the optical strain gage. The bell curve represents the unstrained fiber grating, and the dashed bell curve represents the strained grating chined to a bar (1) and placed in a tensile test machine with grips (2). The cyclic force imposed on the bar is indicated by the arrows (3). An optic fiber strain sensor is bonded using epoxy adhesive just above and below the Bragg grating at the end of the bar (4) and in the middle (4). The sensors that are used have a Fabry-Perrot configuration using the Bragg grating type, since they have characteristically sharp flanks. A wavelength controlled laser (5) is used to send light through the optic fiber (6) and the transmitted light is led to an optic sensor (7). The sensor converts the intensity of the transmitted light to an electric signal that is fed into an oscilloscope (8). The tensile test machine is turned on and the laser is tuned to place the transmitted signal on the semi-linear part of the fiber grating response curve. The PID regulator (9) then starts and automatically adjusts the laser to accommodate for changes in ambient temperature, etc. At the same time, the signal from the light sensitive sensor is fed into a lock-in amplifier (10). The same procedure is used for the other optic fiber strain gage sitting in the middle of the bar.
To be able to use an optical fiber Bragg grating as a strain gage, a stable source of monochromatic light at an adjustable wavelength is required. The reason the source has to be wavelength adjustable is that the strain in the test piece varies with parameters such as the initial mounting load, the way it is hooked up in the test system and the shifting temperature of the test piece. Before the test begins, the intensity response from the light sensitive sensors must be placed on an appropriate point on the fiber gratings characteristic wavelength response curve.
LOCK-IN AMPLIFIER
A lock-in amplifier is a device used to measure signals of known frequency in a noisy environment. It is able to lock in to the frequency of interest and to disregard all other frequencies. In this case, the lock-in amplifier is fed with two signals: the stress signal from the sensor at the end of the bar and the strain sensor in the middle of the bar. The two signals are subtracted and the frequency difference (or time difference) is calculated. This frequency lap is the requested information. Together with information about the frequency of the tensile test machine, the phase shift between the two signals can be calculated.
